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Abstract
An important unsolved problem that affects practically all attempts to connect string
theory to cosmology and phenomenology is how to distinguish effective field theories belong-
ing to the string landscape from those that are not consistent with a quantum theory of
gravity at high energies (the “string swampland”). It was recently proposed that potentials
of the string landscape must satisfy at least two conditions, the “swampland criteria”, that
severely restrict the types of cosmological dynamics they can sustain. The first criterion
states that the (multi-field) effective field theory description is only valid over a field dis-
placement ∆φ ≤ ∆ ∼ O(1) (in units where the Planck mass is 1), measured as a distance in
the target space geometry. A second, more recent, criterion asserts that, whenever the poten-
tial V is positive, its slope must be bounded from below, and suggests |∇V |/V ≥ c ∼ O(1).
A recent analysis concluded that these two conditions taken together practically rule out
slow-roll models of inflation. In this note we show that the two conditions rule out infla-
tionary backgrounds that follow geodesic trajectories in field space, but not those following
curved, non-geodesic, trajectories (which are parametrized by a non-vanishing bending rate
Ω of the multi-field trajectory). We derive a universal lower bound on Ω (relative to the
Hubble parameter H) as a function of ∆, c and the number of efolds Ne, assumed to be at
least of order 60. If later studies confirm c and ∆ to be strictly O(1), the bound implies
strong turns with Ω/H ≥ 3Ne ∼ 180. Slow-roll inflation in the landscape is not ruled out,
but it is strongly multi-field.
1 Introduction
A satisfactory version of cosmic inflation [1–5] within string theory is an open challenge [6]. The
stabilization of moduli, together with the realization of flat directions in the 4D landscape poten-
tial V , are two obstructions commonly encountered in the construction of de Sitter vacua [7–17]
and of working models of inflation [18–23] in low energy compactifications of string theory. At-
tempts to understand the physical origin of the previous two obstructions have crystalized into
two necessary conditions, the so-called swampland criteria [24], that allegedly should be satisfied
by 4D low energy effective field theories (EFT’s) resulting from string theory compactifications,
those belonging to the string landscape [25–27]. The scalar (plus gravity) sector of these theories
is typically described by an action containing several scalar fields φa as
S =
∫
d4x
√−g
[
M2
Pl
2
R− 1
2
Gab(φ)g
µν∂µφ
a∂νφ
b − V (φ)
]
, (1.1)
valid below some scale Λ, where gµν is the space-time metric, g = det(gµν), R is the Ricci
scalar, and Gab is a sigma model metric characterizing the geometry of the scalar field target
space. The first criterion imposes a maximum distance in field space beyond which the low
energy description ceases to be valid due to quantum gravity effects, even if this is not obvious
from the EFT itself. In the best understood cases, failure of the EFT description is linked
to the appearance in the string compactification of a tower of light fields, whose masses go to
zero exponentially in the (proper) field distance ∆φ. The constraint states that the field range
traversed by the fields must stay smaller than a given value ∆ ∼ O(1) [28–31] (in units where
MPl = 1):
∆φ < ∆. (1.2)
The second criterion is more recent, and of a more speculative nature. It takes the form of a
lower bound on the gradient of a (positive) potential V in an EFT that admits a UV completion
consistent with quantum gravity. It states that the shape of the landscape potential V of the 4D
effective theory is such that, for V > 0, there will unavoidably exist steep directions for which
|∇V | ≥ c V, (1.3)
where c is a positive constant of order 1. Given that we are dealing with an EFT with several
fields, in the previous expression one should take |∇V | =
√
GabVaVb where Va = ∂V/∂φ
a. The
quantities ∆ and c parametrizing the criteria, depend on the details of the compactification
leading to the low energy effective field theory.
While their validity is under scrutiny, one may test the swampland criteria against well estab-
lished phenomenological frameworks within cosmology and particle physics. The implications
for cosmology emerging from these two criteria have been recently examined by the authors of
Ref. [32]. In particular, they conclude that cosmic inflation is in conflict with these two criteria.
The argument outlined in [32] works as follows:
First, in single field inflation the tensor to scalar ratio is given by
r = 16ǫ, (1.4)
1
where ǫ is the first slow-roll parameter (see Section 3). The background equations of motion
relate ǫ to the speed of the evolving inflaton field via dφ0/dNe =
√
2ǫ, where Ne is the number
of efolds elapsed during inflation (efolds and cosmic time are related via dN = Hdt, where
H is the Hubble parameter during inflation). Then, since inflation must have lasted about 60
efolds (from the time of horizon crossing of the largest observable scales), one concludes that
∆φ ∼ 60√2ǫ = 30√r/2. Together with the first criterion (1.2), this relation implies:
∆φ ∼ 60
√
2ǫ = 30
√
r/2 < ∆ ∼ O(1). (1.5)
Current cosmic microwave background (CMB) constraints on the presence of primordial B-
modes require r < 0.07 [33] or, using Eq. (1.4), ǫ < 0.0044. This implies ∆φ ∼ 60√2ǫ < 5.6.
This reveals [34] that a detection of B-modes by the next generation of CMB experiments [35–
37] may lead to a tension with criterion 1. For instance, if CMB experiments observe r = 0.01,
then ∆φ ∼ 60√2ǫ = 2.1 which would be in mild tension with ∆ ∼ O(1), specially taking into
account that the number of efolds of the duration of inflation must be greater than 60.
The second criterion turns out to be more severe on single field inflation. In single field
inflation the background equations of motion also relate the value of ǫ to the shape of the
potential driving inflation –in particular, to the gradient of the potential along the trajectory.
The relation is given by:
ǫ =
1
2
(∇V
V
)2
. (1.6)
This relation may be used together with (1.3) to infer c <
√
2ǫ. Notice that, irrespective of any
observational constraints, this bound implies 60c < ∆ which is in trouble with the requirement
that ∆ and c be both of order 1. If we factor in ǫ < 0.0044 (to satisfy current CMB constraints),
we find c < 0.094.
The purpose of this note is to show that these conclusions change drastically in the case of
multi-field models of inflation derived from the action (1.1), because both Eqs. (1.6) and (1.4)
stop being valid. As it happens, in multi-field inflation it is essential to take into account the
effects coming from the bending of the inflationary trajectory within the multi-field target space
which, in string theory compactifications, is usually characterized by a non-trivial geometry.
As we shall see, the effects coming from a bending trajectory in multi-field space are enough
to relax the tension coming from criterion 2. On the other hand, the impact of multi-field
dynamics on the bounds coming from the field range ∆φ is more subtle, and will require sharper
versions of criterion 1. There are two competing effects here because, on a turning trajectory,
the observations give a stronger constraint on the distance traversed by the field along the
inflationary trajectory, but this distance may be considerably larger than the geodesic distance
that appears in the towers of light states (see [38, 39] for recent discussions of this important
difference). In what follows we will ignore this distinction and make the conservative assumption
that the upper bound ∆ ∼ O(1) applies to all field ranges, geodesic or not. But it is an interesting
caveat to the first swampland criterion that should be explored.
More to the point, in multi-field models one generically finds r < 16ǫ. For instance if fluc-
tuations orthogonal to the inflationary trajectory are massive, with masses M ≫ H, then they
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typically induce the appearance of a sound speed for the propagation of the curvature perturba-
tion [40–42] given by cs = (1 + 4Ω
2/M2)−1/2, where Ω is the rate of turning of the inflationary
trajectory in the multi-field space. As a consequence, the tensor to scalar ratio of Eq. (1.4)
becomes r = 16ǫcs, implying that r is now related with the field range ∆φ along the (curved)
trajectory as
∆φ ∼ Ne
2
√
r
2cs
. (1.7)
Current CMB constraints coming from the search of primordial non-Gaussianity give us 1 ≥
cs > 0.024 [43]. Thus, a given value of r now corresponds to a larger range ∆φ traversed by
the scalar fields, implying that the criterion 1 becomes more restrictive. On the other hand,
Eq. (1.6) stops being valid in multi-field models of inflation (see for instance [44]). Instead, one
finds:
ǫ =
1
2
(∇V
V
)2(
1 +
Ω2
9H2
)−1
. (1.8)
Given that Ω can be much larger than H, one can have a suppressed value of ǫ, consistent with
slow roll, and still satisfy the second criterion. Eqs. (1.7) and (1.8) imply that cosmic inflation
is perfectly compatible with the two string swampland criteria, particularly if M2 ≫ Ω2 ≫ H2,
in which case cs ∼ 1 and ǫ≪ (∇V/V )2/2. However, if observations in the near future reveal the
existence of primordial B-modes in the CMB at a level r & 0.01, the two criteria would indeed
be in conflict with the realization of inflation within the string landscape.
Taken together, the two criteria proposed in [24] imply a lower bound on Ω/H –involving ∆,
c and the number of efolds– that is independent of observations. In the particular case of single
field inflation the two criteria imply
∆/c & Ne. (1.9)
Consequently, parameters ∆ and c of order 1 are already in tension with the requirement of Ne
of order 60 or more. However, in the case of multi-field inflation, Ω 6= 0 can reconcile the criteria
with the necessary amount of inflation because the previous bound becomes
∆/c & Ne
(
1 +
Ω2
9H2
)−1/2
, or
Ω
H
≥ 3
√(
cNe
∆
)2
− 1. (1.10)
This inequality is useful to assess the characteristics that a given compactification must have
in order to achieve proper inflation. The quantity Ω corresponds to the rate of turn of the
inflationary trajectory, and therefore it parametrizes how non-geodesic the trajectory is in field
space. Given that multi-field models derived from string compactifications are commonly char-
acterized by non-trivial field space geometries, a misalignment between the gradient flow of the
potential (∝ Va) and families of geodesics of the field space is expected, inducing the appearance
of a non-vanishing Ω. As a consequence, if both criteria are valid, efforts to construct working
models of inflation in low energy EFT derived from string theory should focus on incorporating
intrinsic multi-field effects, satisfying Eq. (1.10), into the task of building models.
We start this discussion in the next section where we briefly review some basic aspects of
multi-field inflation. Then in Section 3 we show how (1.6) changes in multi-field inflation. In
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Section 4 we briefly examine the form of the tensor to scalar ratio r in multi-field models. In
Section 5 we show how the tension between observations and the requirements of c ∼ O(1) and
∆ ∼ O(1) relaxes in multi-field models of inflation. Finally, we offer some concluding remarks
in Section 6.
2 Inflation in multi-field setups
Let us briefly review some basic aspects about cosmic inflation in theories with more than one
field. It will be enough to consider the action of Eq. (1.1) describing a system consisting of
several scalar fields φa minimally coupled to gravity. This type of action is typical of low energy
effective field theories obtained from string compactifications. For instance, in the scalar sector
of N = 1 supergravity theories, the fields φa arrange into chiral fields, and the metric Gab is
determined by a Ka¨hler potential. The inflating background is described by a FRW metric of
the form ds2 = −dt2+a2(t)dx2. Then, the background dynamics is determined by the following
equations of motion
3H2 =
1
2
φ˙20 + V, (2.1)
Dtφ˙
a
0 + 3Hφ˙
a
0 +G
abVb = 0, (2.2)
where H = a˙/a is the Hubble expansion rate, and Vb = ∇bV corresponds to a derivative of V
with respect to the field φb. In the previous expression Dt represents a covariant time derivative
which, on a given vector Aa, is defined to act as DtA
a ≡ A˙a +ΓabcAbφ˙c, where Γabc are the usual
Christoffel symbols defined from Gab. We have also defined φ˙0 =
√
Gabφ˙
a
0
φ˙b
0
, which represents
the speed of the field along the trajectory in field space. Combining the previous two equations
one may further derive:
H˙ = − φ˙
2
0
2
. (2.3)
This equation informs us that the rate at which H changes directly depends on the kinetic
energy of the fields, not the potential. It is very useful to think about the multi-field dynamics
in terms of an inflationary trajectory traversing the multi-field space [45]. At each point in this
trajectory we may define a tangent unit-vector T a that is simply given by
T a ≡ φ˙
a
0
φ˙0
. (2.4)
From this definition, and with the help of the covariant derivative Dt introduced earlier, we may
further define a normal vector, which is given by
Na ≡ − 1|DtT |DtT
a. (2.5)
Of course, we may continue defining other vectors parametrizing directions orthogonal to these
two vectors, until we have a complete orthonormal basis, but this will not be needed in this
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discussion. Having defined these two vectors, one may introduce the rate of turning Ω of the
inflationary trajectory (or simply, the angular velocity) at a given time during inflation. This
quantity may be defined to satisfy the following relation:
DtT
a ≡ −ΩNa. (2.6)
In other words, Ω = |DtT |. We have defined it in such a way that it always stay positive (unless
it vanishes). We can now project Eq. (2.2) along the two directions T a and Na respectively.
One obtains the following two equations:
φ¨0 + 3Hφ˙0 + Vφ = 0, (2.7)
Ω =
VN
φ˙0
, (2.8)
where Vφ ≡ T aVa and VN = NaVa. The first equation has the form of the equation of motion of a
single scalar field, pushed along the trajectory by the tangential component of ∇V . On the other
hand, the second equation gives us the value of Ω in terms of the slope of the potential along the
normal direction Na. It turns out that one gains nothing by projecting Eq. (2.2) along other
directions, and that the gradient of the potential decomposes exactly as Va = TaVφ +NaVN .
3 The first slow-roll parameter ǫ
The first slow-roll parameter ǫ is a crucial quantity that allows us to parametrize the steady
evolution of the quasi-de Sitter stage during inflation. The best definition must account for the
rate of change of the Hubble parameter during inflation, that is:
ǫ ≡ − H˙
H2
. (3.9)
The requirement that the universe is in a quasi-de Sitter stage is equivalent to ǫ≪ 1. Moreover,
the quasi-de Sitter stage will persist as long as ǫ continues to be small for a long enough period.
This is ensured by the extra requirement |η| ≪ 1, where
η ≡ ǫ˙
Hǫ
. (3.10)
Notice that both ǫ and η in Eqs. (3.9) and (3.10) are defined in terms of the time evolution
of the expanding cosmological background, and not in terms of the shape of the potential V .
However, in the treatment of multi-field models, quite often, one finds the following alternative
definition:
ǫV ≡ 1
2
V aVa
V 2
. (3.11)
This definition has the advantage of explicitly bringing in information about the shape of the
potential, via the gradient flow ∇aV . However, these two definitions are inequivalent in multi-
field models of inflation, and may in fact differ substantially. The issue behind this difference is
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that in multi-field models the inflationary trajectory does not necessarily align with the gradient
flow of the potential. To appreciate this, first notice that
ǫ =
φ˙2
0
2H2
, (3.12)
where we have used (2.3) back into the definition (3.9). Then differentiating with respect to
time, and using the definition of (3.10) together with the equation of motion (2.7), one deduces
that V 2φ =
1
2
ǫ
[
6H2 −H2(2ǫ− η)]2. Then, using 3H2 = ǫH2+V , which is nothing but (2.1), we
obtain:
1
2
V 2φ
V 2
= ǫ
[
1 +
η
2(3 − ǫ)
]2
. (3.13)
It follows that if ǫ and η are much smaller than 1, then one obtains a familiar looking result:
ǫ =
1
2
V 2φ
V 2
. (3.14)
However, the right hand side of this expression does not coincide with (3.11). Here, Vφ corre-
sponds to the projection of the gradient along the trajectory, which may be suppressed if the
inflationary trajectory is not aligned with the direction of steepest descent of the potential. To
quantify this misalignment we may insert V a = T aVφ +N
aVN in Eq. (3.11). We obtain
ǫV =
1
2
V 2φ + V
2
N
V 2
. (3.15)
Then, noticing from Eq. (2.8) that V 2N = 2H
2Ω2ǫ, we finally arrive at [44]:
ǫV = ǫ
(
1 +
Ω2
9H2
)
. (3.16)
Interestingly, the angular velocity Ω accounts for the misalignment between the tangent vector
and the gradient flow of the potential, producing a difference between ǫ and ǫV .
∗ Indeed, notice
that |VN | ≫ |Vφ| simply means that the trajectory is aligned mostly orthogonal to the gradient
flow Va of the potential. This misalignment is purely geometrical and there is no reason why
it would need to be small. In particular, if the gradient flow is large and the trajectory is
orthogonal to it, Ω2/H2 can be much larger than 1, and one could easily have situations where
both ǫ≪ 1 and ǫV ∼ O(1) coexist.
4 Curvature perturbations in multi-field inflation
The angular velocity Ω does not only describe how the background inflationary trajectory mean-
ders in field space, but it also describes how the field fluctuations are coupled. The scalar fields
∗As explicitly shown in Eq. (17) of Ref. [44], the angular velocity Ω also produces an important difference on
η and ηV ≡ min eigenvalue(∇a∇bV )/V . Thus, as is the case with ǫV , any attempt to constrain ηV from first
principles, would not directly affect η if the trajectory is non-geodesic.
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may be expanded in terms of background and fluctuations as φa(x, t) = φa
0
(t)+T aδφ||+N
aσ+· · · ,
where the elipses denote field fluctuations along directions orthogonal to T a and Na. A useful
frame to study the dynamics of these fluctuations is provided by the co-moving gauge, where
δφ|| = 0, and where one introduces a co-moving curvature perturbation ζ by perturbing the
metric as ds2 = −dt2 + a2e2ζdx2 (where, for the sake of simplicity, we have omitted other fluc-
tuations appearing via the lapse and shift functions). Let us simplify further this discussion by
assuming a multi-field space spanned by only two scalar fields. Then, if Ω stays approximately
constant and the mass M of the fluctuation orthogonal to the trajectory is much larger than
H, one finds that σ can be integrated out [40–42] (See also [46–53]), leading to an effective field
theory for the ζ fluctuation [54] in which the effects of the heavy field σ are encoded via a sound
speed cs, given by [41]
cs =
(
1 +
4Ω2
M2
)−1/2
, (4.17)
where M2 = NaN b∇a∇bV − Ω2 + ǫH2R is the squared mass of the σ fluctuation† (here R =
RabcdT
aN bT cNd is the projected Riemann tensor along the two orthogonal directions). This
formula is valid even for Ω2 ≫M2, which leads to a suppressed sound speed c2s ≪ 1. Assuming cs
is slowly varying (|dcs/dN | ≪ cs), the power spectrum of the primordial curvature perturbation
with a sound speed cs 6= 1 is well known, and it is given by [55]
Pζ(k) =
H2
8π2ǫcs
1
k3
, (4.18)
where we have omitted the effects coming from the running of the background quantities,
parametrized by the spectral index ns − 1. On the other hand, the power spectrum for ten-
sor modes is given by Ph(k) = 2H
2/π2k3. Then, it follows that the tensor to scalar ratio
r ≡ Ph(k)/Pζ(k) is given by
r = 16ǫcs. (4.19)
Thus, for a fixed value of ǫ (parametrizing the quasi-de Sitter geometry) the tensor to scalar
ratio is further suppressed by the sound speed cs, which is always equal or smaller than 1. The
relation of Eq. (4.19) changes in multi-field models where the mass M of the orthogonal field σ
is not bigger than H (for instance, see Ref. [57]). However, one continues to find r < 16ǫ as a
generic result. In this sense, we may take r = 16ǫcs as a representative result from multi-field
inflation, irrespective of the precise dependence of cs on Ω.
5 Swampland criteria and inflation
In this section we revisit the implications of the swampland criteria for inflation, paying special
attention on the role of the multi-field effects discussed in the previous sections. There are
three independent statements that can be made relating the swampland criteria (involving the
†One may also define the so called entropy mass µ, which is identified through µ2 = M2 + 4Ω2. The role of
the entropy mass in the multi-field dynamics has been emphasised, for instance, in Refs. [56, 57]
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parameters ∆ and c) and inflation:
• Statement 1: There is a lower bound on the turning rate in order for inflation to be part
of the landscape.
Notice that because of Eq. (2.3), the relation between the field range ∆φ and the number
of efolds is ∆φ ≃ Ne
√
2ǫ, just as in the case of single field inflation. Then, the first criterion
continues to imply
∆ & Ne
√
2ǫ. (5.20)
On the other hand, the second criterion may be expressed in terms of ǫV as ǫV ≥ c2/2. Then,
using this relation together with Eq. (3.16), it follows that
ǫ ≥ c
2
2
(
1 +
Ω2
9H2
)−1
. (5.21)
Combining this result with Eq. (5.20), one obtains the following relation anticipated in the
introduction:
∆/c & Ne
(
1 +
Ω2
9H2
)−1/2
. (5.22)
In the case of single field inflation one recovers ∆/c & Ne. Equation (5.22) gives us the minimal
turning rate required to alleviate the tension on inflation implied by values of ∆ and c of order
1. In other words, given a certain type of string compactification characterized by some given
values ∆ and c, the turning rate must be such that
Ω
H
≥ 3
√(
cNe
∆
)2
− 1. (5.23)
For c/∆ ∼ 1 and Ne = 60, the previous relation implies Ω & 180H.
• Statement 2: The Lyth bound on turning trajectories makes criterion 1 more restrictive.
Nevertheless, current observations still allow inflation to be compatible with criterion 1.
The second statement relates the first criterion and the value of the tensor to scalar ratio r.
As we have already seen, in multi-field models one has r = 16ǫcs, and so the relation between
∆φ and the observables r and cs is found to be:
∆ > ∆φ ∼ Ne
2
√
r
2cs
. (5.24)
(In Ref. [58], this relation is further generalized in the broader context of EFT’s of inflation). As
a consequence, measurements of r and cs close to their current bounds would necessarily imply
a large value of ∆φ exceeding ∆ ∼ O(1). For instance, if we take r = 0.01 and cs = 0.05, one
obtains ∆φ ∼ 9.5. On the other hand, cs ∼ 1 (which is possible if M2 ≫ Ω2) and r < 0.001
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gives ∆φ < 0.67. Thus, a value of cs < 1 makes criterion 1 more restrictive, but this crucially
depends on the actual value of r.
• Statement 3: There is a lower bound on the turning rate in order to meet criterion 2 and
CMB observations.
Our third statement connects criterion 2 with r. The constraint r < 0.07, together with
r = 16ǫcs, implies an upper bound given by ǫ < 0.0044/cs. As a consequence, from Eq. (5.21)
one obtains the following requirement involving c (assuming that Ω≫ 3H)
Ω2
H2
≥ c2103cs. (5.25)
where cs is the speed of sound of the inflaton. Thus, in order to satisfy current constraints on
the tensor to scalar ratio together with the second criterion, one needs Ω/H & 32
√
csc. This
translates into Ω/H & 32 if cs ∼ 1.
The previous statements may be used independently to assess the consequences of the two
criteria on inflation. The first statement consists of putting together both criteria, and it is
independent of any observation directly involving the size of the tensor to scalar ratio r. It
informs us about the minimal amount of turning rate necessary in order to allow both criteria
to be satisfied simultaneously. On the other hand, the second and third statements relate each
of the criteria with the potential future detection of r or of a reduced speed of sound. In fact,
it may be noticed that the third statement is less restrictive than the first statement. It follows
that, given the current status of r, the swampland criteria may be satisfied in multi field models
as long as the following hierarchy remain valid
Ω & 180H, (5.26)
independently of the relative size of M and Ω. It turns out that this hierarchy is not difficult
to impose. In Ref. [47] it was examined how to achieve models with a hierarchy of the form
Ω ≫ M ≫ H, and the parameters used there may be chosen in such a way to obtain the
alternative situation M ≫ Ω ≫ H. Furthermore, in Appendix A of Ref. [59] it is shown how
to construct working models of two-field inflation with arbitrary values of Ω and M (and large
values of the gradient flow ∇V ).
Before concluding, let us digress to highlight an important caveat that could alter the valid-
ity of statement 2. Strictly speaking, the Lyth bound refers to the traversed distance covered
by the non-geodesic trajectory in field space, which may differ significantly from the geodesic
distance between any two points on the trajectory (bounded by the first swampland criterion).
This implies that, in practice, our statement 2 might be weaker. That is, it is perfectly conceiv-
able that a measurement of r close to current bounds could be compatible with non-geodesic
trajectories that do not violate the first criterion. To assess this, one would have to examine
the resulting non-geodesic trajectories of specific models, and compare the maximum geodesic
distance against the maximum range ∆.
9
6 Conclusions
For now, the swampland criteria must be regarded as speculative properties of the landscape, and
more study is in order to evaluate their validity and potential consequences for low energy string
compactifications‡. At any rate, the connection between the swampland criteria and inflation
is more subtle in the case of inflationary cosmology with more than one field. As we have seen,
when intrinsically multi-field effects are taken into account, the first criterion becomes more
restrictive whereas the second criterion is relaxed. These multi-field effects are parametrized
by the rate of turning Ω of the inflationary trajectory, which has a number of other interesting
phenomenological consequences for early universe cosmology. Crucially, these effects cannot be
ignored in low energy EFT’s derived from inflation, which are generically inhabited by a large
number of scalar fields and, at the same time, are characterized by having a non-trivial field
space geometry. Put differently: the swampland criteria can lead to a wrong assessment on
inflation if we apply them on naive (canonical) single field constructions that only represent a
small class of models within the swampland.
Although inflation is still compatible with both, the swampland criteria and observations, we
have confirmed that a near future observation of tensor modes would indeed put pressure on the
realization of inflation within string theory. Coming experiments will be able to either uncover or
place constraints on the presence of tensor modes up to r ∼ 0.001. As already pointed out in the
literature, a detection of tensor modes about that value would require large field excursions of
the inflaton measured along the trajectory, which could be in conflict with criterion 1.§ However,
as we have stressed here, it would not necessarily be in conflict with criterion 2.
Acknowledgements
We would like to thank Thomas Grimm, Renata Kallosh, Andrei Linde, Miguel Montero, Spy-
ros Sypsas, Irene Valenzuela and Yvette Welling for discussions on the swampland criteria con-
straints. AA acknowledges support by the Netherlands Organization for Scientific Research
(NWO), the Netherlands Organization for Fundamental Research in Matter (FOM), the Basque
Government (IT-979-16) and the Spanish Ministry MINECO (FPA2015-64041-C2-1P). GAP
acknowledges support from the Fondecyt Regular project number 1171811.
References
[1] A. H. Guth, “The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems,” Phys. Rev. D 23, 347 (1981).
‡For instance, over the last years, progress [60–64] has been made in understanding the stabilization of moduli
within KKLT-like constructions [65]. If such constructions turn out to be realized in string theory, they would
render the second criterion invalid.
§But, as discussed at the end of the previous section, this would have to be examined model by model if their
trajectory is non-geodesic.
10
[2] A. D. Linde, “A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems,” Phys. Lett. B 108,
389 (1982).
[3] A. Albrecht and P. J. Steinhardt, “Cosmology for Grand Unified Theories with Radiatively
Induced Symmetry Breaking,” Phys. Rev. Lett. 48, 1220 (1982).
[4] A. A. Starobinsky, “A New Type of Isotropic Cosmological Models Without Singularity,”
Phys. Lett. B 91, 99 (1980).
[5] V. F. Mukhanov and G. V. Chibisov, “Quantum Fluctuation and Nonsingular Universe.
(In Russian),” JETP Lett. 33, 532 (1981) [Pisma Zh. Eksp. Teor. Fiz. 33, 549 (1981)].
[6] D. Baumann and L. McAllister, “Inflation and String Theory,” arXiv:1404.2601 [hep-th].
[7] J. M. Maldacena and C. Nunez, “Supergravity description of field theories on curved man-
ifolds and a no go theorem,” Int. J. Mod. Phys. A 16, 822 (2001) [hep-th/0007018].
[8] E. Silverstein, “Simple de Sitter Solutions,” Phys. Rev. D 77, 106006 (2008)
[arXiv:0712.1196 [hep-th]].
[9] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma and C. A. Scrucca, “de Sitter
vacua in no-scale supergravities and Calabi-Yau string models,” JHEP 0806, 057 (2008)
[arXiv:0804.1073 [hep-th]].
[10] L. Covi, M. Gomez-Reino, C. Gross, G. A. Palma and C. A. Scrucca, “Constructing
de Sitter vacua in no-scale string models without uplifting,” JHEP 0903, 146 (2009)
doi:10.1088/1126-6708/2009/03/146 [arXiv:0812.3864 [hep-th]].
[11] U. H. Danielsson, S. S. Haque, G. Shiu and T. Van Riet, “Towards Classical de Sitter
Solutions in String Theory,” JHEP 0909, 114 (2009) [arXiv:0907.2041 [hep-th]].
[12] T. Wrase and M. Zagermann, “On Classical de Sitter Vacua in String Theory,” Fortsch.
Phys. 58, 906 (2010) [arXiv:1003.0029 [hep-th]].
[13] U. H. Danielsson, S. S. Haque, P. Koerber, G. Shiu, T. Van Riet and T. Wrase, “De Sitter
hunting in a classical landscape,” Fortsch. Phys. 59, 897 (2011) [arXiv:1103.4858 [hep-th]].
[14] K. Dasgupta, R. Gwyn, E. McDonough, M. Mia and R. Tatar, “de Sitter Vacua in Type
IIB String Theory: Classical Solutions and Quantum Corrections,” JHEP 1407, 054 (2014)
[arXiv:1402.5112 [hep-th]].
[15] U. H. Danielsson and T. Van Riet, “What if string theory has no de Sitter vacua?,”
arXiv:1804.01120 [hep-th].
[16] D. Andriot, “On the de Sitter swampland criterion,” arXiv:1806.10999 [hep-th].
11
[17] G. Dvali and C. Gomez, “On Exclusion of Positive Cosmological Constant,”
arXiv:1806.10877 [hep-th].
[18] R. Brustein and P. J. Steinhardt, “Challenges for superstring cosmology,” Phys. Lett. B
302, 196 (1993) [hep-th/9212049].
[19] M. P. Hertzberg, S. Kachru, W. Taylor and M. Tegmark, “Inflationary Constraints on Type
IIA String Theory,” JHEP 0712, 095 (2007) [arXiv:0711.2512 [hep-th]].
[20] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma and C. A. Scrucca, “Con-
straints on modular inflation in supergravity and string theory,” JHEP 0808, 055 (2008)
[arXiv:0805.3290 [hep-th]].
[21] R. Flauger, S. Paban, D. Robbins and T. Wrase, “Searching for slow-roll moduli inflation
in massive type IIA supergravity with metric fluxes,” Phys. Rev. D 79, 086011 (2009)
[arXiv:0812.3886 [hep-th]].
[22] C. Caviezel, P. Koerber, S. Kors, D. Lust, T. Wrase and M. Zagermann, “On the Cosmology
of Type IIA Compactifications on SU(3)-structure Manifolds,” JHEP 0904, 010 (2009)
[arXiv:0812.3551 [hep-th]].
[23] C. Caviezel, T. Wrase and M. Zagermann, “Moduli Stabilization and Cosmology of Type
IIB on SU(2)-Structure Orientifolds,” JHEP 1004, 011 (2010) [arXiv:0912.3287 [hep-th]].
[24] G. Obied, H. Ooguri, L. Spodyneiko and C. Vafa, “De Sitter Space and the Swampland,”
arXiv:1806.08362 [hep-th].
[25] C. Vafa, “The String landscape and the swampland,” hep-th/0509212.
[26] H. Ooguri and C. Vafa, “On the Geometry of the String Landscape and the Swampland,”
Nucl. Phys. B 766, 21 (2007) [hep-th/0605264].
[27] T. D. Brennan, F. Carta and C. Vafa, “The String Landscape, the Swampland, and the
Missing Corner,” arXiv:1711.00864 [hep-th].
[28] F. Baume and E. Palti, “Backreacted Axion Field Ranges in String Theory,” JHEP 1608,
043 (2016) [arXiv:1602.06517 [hep-th]].
[29] D. Klaewer and E. Palti, “Super-Planckian Spatial Field Variations and Quantum Gravity,”
JHEP 1701, 088 (2017) doi:10.1007/JHEP01(2017)088 [arXiv:1610.00010 [hep-th]].
[30] T. W. Grimm, E. Palti and I. Valenzuela, “Infinite Distances in Field Space and Massless
Towers of States,” arXiv:1802.08264 [hep-th].
[31] R. Blumenhagen, “Large Field Inflation/Quintessence and the Refined Swampland Distance
Conjecture,” arXiv:1804.10504 [hep-th].
12
[32] P. Agrawal, G. Obied, P. J. Steinhardt and C. Vafa, “On the Cosmological Implications of
the String Swampland,” arXiv:1806.09718 [hep-th].
[33] P. A. R. Ade et al. [BICEP2 and Planck Collaborations], “Joint Analysis of
BICEP2/Keck Array and Planck Data,” Phys. Rev. Lett. 114, 101301 (2015)
[arXiv:1502.00612 [astro-ph.CO]].
[34] D. H. Lyth, “What would we learn by detecting a gravitational wave signal in the cosmic
microwave background anisotropy?,” Phys. Rev. Lett. 78, 1861 (1997) [hep-ph/9606387].
[35] A. Suzuki et al. [POLARBEAR Collaboration], “The POLARBEAR-2 and the Simons
Array Experiment,” J. Low. Temp. Phys. 184, no. 3-4, 805 (2016) [arXiv:1512.07299 [astro-
ph.IM]].
[36] K. Harrington et al., “The Cosmology Large Angular Scale Surveyor,” Proc. SPIE Int. Soc.
Opt. Eng. 9914, 99141K (2016) [arXiv:1608.08234 [astro-ph.IM]].
[37] K. N. Abazajian et al. [CMB-S4 Collaboration], “CMB-S4 Science Book, First Edition,”
arXiv:1610.02743 [astro-ph.CO].
[38] A. Landete and G. Shiu, “Mass Hierarchies and Dynamical Field Range,” arXiv:1806.01874
[hep-th].
[39] A. Hebecker, P. Henkenjohann and L. T. Witkowski, “Flat Monodromies and a
Moduli Space Size Conjecture,” JHEP 1712 (2017) 033 doi:10.1007/JHEP12(2017)033
[arXiv:1708.06761 [hep-th]].
[40] A. J. Tolley and M. Wyman, “The Gelaton Scenario: Equilateral non-Gaussianity from
multi-field dynamics,” Phys. Rev. D 81, 043502 (2010) [arXiv:0910.1853 [hep-th]].
[41] A. Achucarro, J. O. Gong, S. Hardeman, G. A. Palma and S. P. Patil, “Mass hierar-
chies and non-decoupling in multi-scalar field dynamics,” Phys. Rev. D 84, 043502 (2011)
[arXiv:1005.3848 [hep-th]].
[42] A. Achucarro, J. O. Gong, S. Hardeman, G. A. Palma and S. P. Patil, “Features of heavy
physics in the CMB power spectrum,” JCAP 1101, 030 (2011) [arXiv:1010.3693 [hep-ph]].
[43] P. A. R. Ade et al. [Planck Collaboration], “Planck 2015 results. XVII. Constraints on
primordial non-Gaussianity,” Astron. Astrophys. 594, A17 (2016) [arXiv:1502.01592 [astro-
ph.CO]].
[44] A. Hetz and G. A. Palma, “Sound Speed of Primordial Fluctuations in Supergravity Infla-
tion,” Phys. Rev. Lett. 117, no. 10, 101301 (2016) [arXiv:1601.05457 [hep-th]].
[45] S. Groot Nibbelink and B. J. W. van Tent, “Scalar perturbations during multiple field
slow-roll inflation,” Class. Quant. Grav. 19, 613 (2002) [hep-ph/0107272].
13
[46] D. Baumann and D. Green, “Equilateral Non-Gaussianity and New Physics on the Horizon,”
JCAP 1109, 014 (2011) [arXiv:1102.5343 [hep-th]].
[47] A. Achucarro, V. Atal, S. Cespedes, J. O. Gong, G. A. Palma and S. P. Patil, “Heavy fields,
reduced speeds of sound and decoupling during inflation,” Phys. Rev. D 86, 121301 (2012)
[arXiv:1205.0710 [hep-th]].
[48] C. P. Burgess, M. W. Horbatsch and S. P. Patil, “Inflating in a Trough: Single-Field Effec-
tive Theory from Multiple-Field Curved Valleys,” JHEP 1301, 133 (2013) [arXiv:1209.5701
[hep-th]].
[49] R. Gwyn, G. A. Palma, M. Sakellariadou and S. Sypsas, “Effective field theory of weakly
coupled inflationary models,” JCAP 1304, 004 (2013) [arXiv:1210.3020 [hep-th]].
[50] E. Castillo, B. Koch and G. Palma, “On the integration of fields and quanta in time
dependent backgrounds,” JHEP 1405, 111 (2014) [arXiv:1312.3338 [hep-th]].
[51] D. Baumann, D. Green, H. Lee and R. A. Porto, “Signs of Analyticity in Single-Field
Inflation,” Phys. Rev. D 93, no. 2, 023523 (2016) [arXiv:1502.07304 [hep-th]].
[52] A. Achcarro, V. Atal and Y. Welling, “On the viability of m2φ2 and natural in-
flation,” JCAP 1507 (2015) 008 doi:10.1088/1475-7516/2015/07/008 [arXiv:1503.07486
[astro-ph.CO]].
[53] X. Tong, Y. Wang and S. Zhou, “On the Effective Field Theory for Quasi-Single Field
Inflation,” JCAP 1711, no. 11, 045 (2017) [arXiv:1708.01709 [astro-ph.CO]].
[54] C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan and L. Senatore, “The Effective
Field Theory of Inflation,” JHEP 0803, 014 (2008) [arXiv:0709.0293 [hep-th]].
[55] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, “k - inflation,” Phys. Lett. B 458,
209 (1999) [hep-th/9904075].
[56] S. Renaux-Petel and K. Turzynski, “Geometrical Destabilization of Inflation,” Phys. Rev.
Lett. 117, no. 14, 141301 (2016) [arXiv:1510.01281 [astro-ph.CO]].
[57] A. Achucarro, V. Atal, C. Germani and G. A. Palma, “Cumulative effects in inflation
with ultra-light entropy modes,” JCAP 1702, no. 02, 013 (2017) [arXiv:1607.08609 [astro-
ph.CO]].
[58] D. Baumann and D. Green, “A Field Range Bound for General Single-Field Inflation,”
JCAP 1205, 017 (2012) [arXiv:1111.3040 [hep-th]].
[59] X. Chen, G. A. Palma, W. Riquelme, B. Scheihing Hitschfeld and S. Sypsas, “Landscape
tomography through primordial non-Gaussianity,” arXiv:1804.07315 [hep-th].
14
[60] R. Kallosh and T. Wrase, “Emergence of Spontaneously Broken Supersymmetry on an Anti-
D3-Brane in KKLT dS Vacua,” JHEP 1412, 117 (2014) doi:10.1007/JHEP12(2014)117
[arXiv:1411.1121 [hep-th]].
[61] S. Ferrara, R. Kallosh and A. Linde, “Cosmology with Nilpotent Superfields,” JHEP 1410,
143 (2014) doi:10.1007/JHEP10(2014)143 [arXiv:1408.4096 [hep-th]].
[62] E. A. Bergshoeff, K. Dasgupta, R. Kallosh, A. Van Proeyen and T. Wrase, “D3 and dS,”
JHEP 1505, 058 (2015) doi:10.1007/JHEP05(2015)058 [arXiv:1502.07627 [hep-th]].
[63] J. Polchinski, “Brane/antibrane dynamics and KKLT stability,” arXiv:1509.05710 [hep-th].
[64] L. Aalsma, M. Tournoy, J. P. Van Der Schaar and B. Vercnocke, “A Supersymmetric
Embedding of Anti-Brane Polarization,” arXiv:1807.03303 [hep-th].
[65] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, “De Sitter vacua in string theory,”
Phys. Rev. D 68, 046005 (2003) doi:10.1103/PhysRevD.68.046005 [hep-th/0301240].
15
